Purdue University

Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference

School of Mechanical Engineering

2006

Component-Based Vapor Compression
Simulation Tool With Integrated Multi-Objective
Optimization Routines
Jonathan Winkler
University of Maryland

Vikrant Aute
University of Maryland

Reinhard Radermacher
University of Maryland

Follow this and additional works at: http://docs.lib.purdue.edu/iracc
Winkler, Jonathan; Aute, Vikrant; and Radermacher, Reinhard, "Component-Based Vapor Compression Simulation Tool With
Integrated Multi-Objective Optimization Routines" (2006). International Refrigeration and Air Conditioning Conference. Paper 809.
http://docs.lib.purdue.edu/iracc/809

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html

R092, Page 1

Component-Based Vapor Compression Simulation Tool with Integrated MultiObjective Optimization Routines
Jonathan WINKLER1,*, Vikrant AUTE2, Reinhard RADERMACHER3
Center for Environmental Energy Engineering
Department of Mechanical Engineering, University of Maryland
College Park, MD 20742 USA
1,2
Tel: 301-405-8726, 3Tel: 301-405-5286 Fax: 301-405-2025
Email: 1jwinkler@umd.edu, 2vikrant@umd.edu, 3raderm@umd.edu
*Corresponding author.

ABSTRACT
A component-based simulation tool for modeling the steady state performance and cost of vapor compression
systems has been developed. Features of the simulation software include component inter-changeability, charge
management, and built-in multi-objective optimization routines. The simulation tool is capable of optimizing for a
variety of performance or economic variables by varying any component or system level independent property.
Example component level independent properties include heat exchanger tube length, air flow rate, and fins per inch
and example system level independent properties include system subcooling and system superheat. This paper
presents the use of multi-objective optimization, specifically multi-objective genetic algorithms, to optimize the
performance and cost of an experimental vapor compression system. The simulation tool utilizes a class interface
Component Standard allowing for system-to-component communication. This paper also discusses the purpose and
requirement for such a standard in any component-based simulation software while using a vapor compression
system as an example.

1.

INTRODUCTION

The component-based simulation tool developed will be referred to as VapCyc throughout the paper for conciseness.
VapCyc was originally introduced by Richardson et al. (2002) as a tool for vapor compression system simulation
and optimization. However, the simulation tool was limited to single objective optimization problems and the focus
was placed on optimizing system level variables such as system charge and component selection. When attempting
to optimize the performance of a vapor compression system by adjusting the heat exchanger parameters, it is
important to place constraints on the size and/or cost of the heat exchangers. Since there is an inherent tradeoff
between the size of the heat exchangers in the system and the system’s overall performance, the optimization
problem becomes a multi-objective problem with conflicting objectives. It is also important for the optimizer to be
capable of handling constraints such as maximum values for heat exchanger air-side pressure drop and minimum
values on system capacity.
Richardson et al. (2004) provided the complete set of modeling equations solved during the simulation and
mentioned some of the features of a component-based simulation. However, a detailed description of the
component-based nature of the simulation tool was not presented. In this paper, the purpose, requirement, and
advantage of a component-based simulation will be presented while using VapCyc programmable structures as an
example. A brief overview of the simulation’s Component Standard will also be presented to provide the reader
with a more concrete example of how a component-based simulation has been successfully implemented.
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2.

VapCyc REVIEW

A review of the modeling structures and concept is presented here in order to characterize the programmable
hierarchy utilized by the simulation tool. The simulation tool utilizes three main data structures in simulating a
vapor compression system; namely components, ports and junctions. Components, meaning the refrigeration system
components, are modeled as black box objects interacting with one another via a working fluid, through a series of
ports and junctions, and possibly with their environment.

2.1.

Components

Component models contain the appropriate engineering equations for that particular model and are responsible for
obeying the corresponding conservation equations. A component communicates with the system through its inlet
and outlet ports. Components are referred to as black box objects because the system solver has no information as to
exactly what function the component will serve and therefore, which equations the component model will solve. For
example, the system solver will know the difference between an evaporator model and compressor model, but will
not know if the evaporator is a tube-fin heat exchanger, micro-channel heat exchanger, refrigerant to water tube-intube heat exchanger, or a simple cold plate.
Due to the fact that the system solver is unaware of the inner-workings of the component models and these
component models are loaded into the solver at run-time, as opposed to design time, it is imperative that all
component models strictly obey the Component Standard that is placed on them. The Component Standard dictates
the system-to-component communication. The system-to-component communication is necessary to provide the
component model with the input parameters and acquire the output from the component model after it has completed
execution.

2.2.

Ports

Ports are the mechanism through which the system solver communicates with the component models, and represent
the inlets and outlets of the component model. Typical components, such as condensers, evaporators, and
compressors, will have two ports; namely, one inlet and one outlet. However, complicated component models could
have any number of ports. Example components include a suction-line heat exchanger, which will have four ports
(two inlets and two outlets), and a two-stage compressor with intermediate suction port, which will have three ports
(two inlets and one outlet).

2.3.

Junctions

A junction is an infinitesimal point within the system that allows component to system interaction and provide the
mechanism in which component ports are connected. The concept of a junction and the conservation equations
solved for at each junction are described in detail by Richardson et al. (2004), and thus will not be discussed in this
paper.

3.
3.1.

COMPONENT-BASED SIMULATION

Purpose

The underlying rationale of conducting a simulation in a component-based format is that with a component-based
simulation the system solver does not require any prior knowledge of or relation to the component models that make
up the system.
The flexibility of component-based software allows the users of the software to interchange component models
without any modification to the procedure in which the system solver interacts with the component models. Since
the component models are loaded into the program from external libraries at run-time, the users of the program have
the alternative of loading their own component models into the software without requiring access to the source code
of the program.
The flexibility of component-based software increases the usefulness of the software to a larger audience. The
interchanging of component models is a mechanism of controlling the level of detail carried out by the simulation.
For example, when investigating the affect of system performance with respect to a particular variable, it might not
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be necessary to use a very detailed heat exchanger model when a simple model capable of representing the
performance trends is available.
The component-based nature of a simulation tool also allows component selection optimization studies to be carried
out. Since the component models can be loaded into the solver at any point prior to executing the solver, the general
engine that selects component models and places them into the system could be any optimization routine capable of
handling discrete variables. This type of optimization would be useful when designing a system using “off the
shelf” components since there is discrete set of available components that can be used to construct the system.

3.2.

Requirements

The fundamental requirement of a component-based simulation is the development of a standardized framework
implementing the required system-to-component communication. This includes a mechanism for the system solver
to provide the component model with the required boundary conditions to run the model and for the output from the
model to be given back to the system solver after the component has been successfully executed. It is important that
all component models within the system follow the same framework and that all communication between the system
and the component be conducted through the use of the methods provided by the framework. The manner in which
this framework is implemented is quite flexible, however once the framework is in place it must be obeyed by all
component models used by the program.

3.3.

VapCyc Component-Based Approach

The simulation tool is based on the Microsoft .NET® Framework (2006) and has been developed using objectoriented programming practices. Therefore, all the component models exist in the program as classes that the
program loads and manages. The Component Standard contains all the programmable structures used to implement
the component-based structure of the program. The Component Standard was developed to be as generic as possible
while attempting to minimize the complexity of the required component’s structure and source code.
At the heart of the Component Standard is a class interface that all component models must implement. The
Component Standard class interface contains a set of methods and properties that must exist in all component
models in order to achieve a rigid framework allowing solver-to-component communication. As a part of the
Component Standard, each component model must implement a total of 15 methods and 20 properties. Through
these methods and properties, the software can load the component model and set the necessary parameters in order
to successfully run the model.
Table 1: Subset of Component Standard methods.
Description
Initializes a component after loading
SetPropertyLibraryPath Sets the property routine paths required for calculation of
thermodynamic state points
EditProperties
Shows a dialog window used to edit the component model properties
GetStockProperty
Returns variables such as cost, weight, etc.
Returns true if a model supports a specific operation condition (steady
HasOperatingMode
state or transient)
Method
InitializeComponent

Run

Runs the model

UpdateTimeStep

Updates the time step for a transient simulation

A subset of the methods contained within the Component Standard is listed in Table 1. The InitializeComponent
method is called immediately after a component has been loaded by the program and is generally used by the
component to set default property values and create the necessary resources. The method returns a value of true if it
has been successfully initialized and the program will not use the component unless it has been successfully
initialized. The SetPropertyLibraryPath method is called to provide the component with necessary paths in order to
successfully call the property routines, such as REFPROP (NIST, 1998). Each component model has the option of
containing a Windows Form used to set the models independent properties, and the EditProperties method is called
when the user wishes to display the form associated with the component. The Run method tells the component
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model to begin execution and generally returns an integer value indicating if the model has successfully run or
generated an error while attempting to solve. The Component Standard was designed to handle steady state and
transient component models. The HasOperatingMode provides the program with information describing the
component’s ability to handle steady state, transient, or both types of operating modes. If a component can handle
transient calculations, the UpdateTimeStep method must be used by the transient solver to update the components
transient variables and derivative calculations.
Each component model must also implement a set of properties, which in place of methods; help to simplify the
solver-to-component communication. A subset of the properties contained within the Component Standard is listed
in Table 2. Each component has a list of independent and dependent properties. Independent properties generally
describe the physical state of the component and are used to set values from the software to the component model.
Example independent properties include heat exchanger tube length, compressor displacement volume, etc.
Dependent properties are calculated during the component’s execution and are secondary output from the simulation.
Example dependent properties include air side pressure drop for a heat exchanger and isentropic efficiency for a
compressor. The PortStates are the programmable structure representing the component inlets and outlets. They are
used to provide a component with the necessary refrigerant boundary conditions and are used by the solver to obtain
the refrigerant outlet conditions after a component has completed executing. The heat out, work out, and power
consumption of a component are also expressed through the Component Standard. It is important for all
components to implement these three properties in order for the system solver to take into account heat exchanger
fan power and compressor shell cooling.
Table 2: Subset of Component Standard properties.
Description
Sets the working fluid to be used by the component
A list of dependent properties each of which are calculated during the
DependentProperties
execution
Property
Refrigerant

IndependentProperties
PortStates
HeatOut
WorkOut
PowerConsumption

A list of independent properties that describe the state of a component
Programmable structures representing component inlets and outlets
Heat transferred into or out of the component during execution
Work transferred into or out of the component during execution
Component power consumption

4.
4.1.

SYSTEM OPTIMIZATION

Optimization Features of VapCyc

Included within simulation tool is the capability of conducting constrained single and multi-objective optimization
studies through the use of genetic algorithms (Deb, 2001). The optimization tool supports any number of variables
which can be represented by any system level or component level independent property. Lower and upper limits
must be set for each variable along with the desired variable precision. Example system level independent variables
include system charge and system subcooling and example component level independent properties include heat
exchanger tube length and fins per inch. Constraints and objectives can be represented by any system level or
component level dependent property. Certain system level dependent properties that might make suitable
constraints include the capacity of the system and the suction superheat.
Included in the Component Standard is the option for component models to contain certain stock properties or
economic variables such as cost, mass, volume, etc. The stock properties of each component can be summed up to
achieve the overall economic variable of the system. These types of variables are useful when conducting
optimization studies because they account for the economic aspects of the design and generally are conflicting in
nature with respect to the system’s performance variables viz. COP and capacity and cost.

4.2.

System Description

In order to demonstrate the program’s optimization capability, a 6.25 kW residential R22 split air-conditioning
system was optimized. This system was re-constructed and tested in the laboratory. The purpose of the
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experimental study was to investigate the performance potential of a microchannel condenser compared to the
conventional round tube heat exchanger. Both systems used the same compressor and evaporator and were tested
under the same operating conditions allowing the study to determine the system performance improvement when
simply replacing the conventional condenser with the microchannel condenser. Each system was tested under
ASHRAE test conditions (ASHRAE, 1995) A, B, C, and D to characterize the seasonal performance (Zecirovic,
2005). Test conditions A and B for both the conventional system and system with the microchannel heat exchanger
were simulated.

4.3.

System Validation

Prior to optimizing the system, the system simulation tool was validated using the experimental results. The exact
compressor model was unknown at the time in which the simulation was conducted, and thus a simple isentropic
compressor model was used. The heat exchangers were modeled using CoilDesigner, introduced by Jiang et al.
(2002). The heat exchangers were first validated by modeling the heat exchangers in CoilDesigner and comparing
the simulation output to the experimental results. Through the use of adjustment factors for the refrigerant and airside heat transfer coefficient and pressure drop correlations, the heat exchanger models could be slightly adjusted to
more accurately represent the experimental results. After the heat exchangers were modeled, simulated, and
validated using the CoilDesigner software, the heat exchanger models were used to construct the entire system using
VapCyc. An available component model in system simulation tool is the CoilDesigner component. This component
allows a heat exchanger model created using CoilDesigner to be loaded and simulated as part of a system.
Prior to acquiring the experimental results, a charge optimization was conducted for each system using ASHRAE
test condition A. At the optimum charge, the system subcooling was recorded. Due to the fact that system charge is
very difficult to accurately simulate, the experimental system subcooling was used as an input to the simulation.
The system subcooling along with the geometrical parameters of the heat exchangers, compressor, orifice and piping,
and air inlet conditions and flow rate for each heat exchanger were used as input to the simulation. The simulation
calculated system COP, capacity, massflow rate, and the refrigerant state points at each component inlet and outlet.

+10%

4

6.8
+3%

6.6
6.4

Conventional

Simulated COP

Simulated Capacity [kW]

Figure 1 and Figure 2 display the validation results for the system capacity and system COP for both systems
operating at ASHRAE test conditions A and B. The program was able to predict the system capacity with a
maximum relative error of approximately 2.8% and an average relative error of 1.9%. Since there was
approximately a 5% error in experimental results between the refrigerant and air side capacities, an average error of
only 1.9% between the simulated and experimental values is quite reasonable. The simulation more accurately
predicted the experimental results for test condition A and both of the under predicted points in Figure 1 were
simulated using test condition B.

-3%

6.2
6

Microchannel

3.5

Conventional

-10%

3
Microchannel
2.5
2

5.8
5.8

6

6.2

6.4

6.6

Experimental Capacity [kW]

Figure 1: System capacity.
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Figure 2: System performance.

With regard to the simulated COP of the system, the maximum relative error was 13.9% and the average relative
error was 10.6%. From Figure 2, it can be seen that the simulation consistently over predicted the system’s
performance. This large discrepancy is due to the fact that the fan power consumption was neglected during the
simulation. In the experimental results, the fan power consumption accounted for approximately 8% of the total
power consumption of the system.
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Figure 3 displays the suction and discharge saturation temperatures calculated by the simulation compared with the
experimental results. The maximum error in the saturated suction temperature was 0.5°C and the maximum error in
the saturated discharge temperature was 1.0°C. When the microchannel condenser is being used, the system can
operate at a lower condensing pressure due to the fact that there is less pressure drop through the microchannel
condenser. The simulation accurately predicted this trend.
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50
40

+3°C
30

Microchannel

-3°C
20

Suction
Discharge

10
0
0

10

20

30

40

50

Exp. Sat. Temp. [°C]

Figure 3: System saturation temperatures.

4.4.

Simulated MFR [kg/s]

Sim. Sat. Temp. [°C]

The simulated system massflow rate can be seen in Figure 4. The maximum relative error in the simulated
massflow rate was 5.9% which equated to an absolute error of 2.3 g/s. The average relative error was 2.6%. Since
the actual compressor model was unknown, the compressor was simulated using a simple isentropic compressor
model with assumed constant volumetric and isentropic efficiencies. Since the volumetric efficiency of a
compressor is a function of pressure ratio, if the actual compressor model was known it is expected that the
simulation would have better predicted the system massflow rate.
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0.04
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Figure 4: System massflow rate.

Optimization Approach

Multi-objective genetic algorithms were used to maximize the system COP while minimizing the system cost. Since
heat exchanger cost correlations are often quite complicated and were not available, the cost used by the
optimization was simply the total material cost of the heat exchangers. Assuming each round tube heat exchanger
consisted of copper tubing and aluminum fins, the total material cost is a function of total material volume used in
constructing the heat exchangers. The total material volume can be calculated using the geometrical parameters of
each heat exchanger. For the purpose of conducting an optimization, it is only important for the cost to be a function
the optimization variables. For this reason, only the material cost of the heat exchangers was considered.
Since the purpose of this study was to test and demonstrate the optimization capability of the program, the baseline
system was only considered in the optimization study. An optimization study of the non-conventional system will
be performed at a later date.
Table 3: List of optimization variables.
Variable
Default Value
Lower Bound
Upper Bound Number of Points
System Subcooling [°C]
4.4
2
12
20
Tube Length
20
1.0
0.6930
1.46
NFPI
NFPI - 8
NFPI + 4
FPI
12
Evaporator
Horizontal Spacing
4
1.0
0.8430
1.69
Vertical Spacing
4
1.0
0.5178
1.69
Tube Length
20
1.0
0.635
1.49
NFPI
NFPI - 8
NFPI + 4
FPI
12
Condenser
Horizontal Spacing
4
1.0
0.0124
1.00
Vertical Spacing
4
1.0
0.0132
1.69
The chosen optimization variables are listed in Table 3 along with the normalized baseline value, lower and upper
bound, and the number of points chosen between the provided ranges. Since the optimum subcooling might change
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with different heat exchanger parameters, the system subcooling was included as an optimization variable.
Considering all the above design variables, it can be seen that the total solution space comprises of approximately
2.9 x 108 designs.
The constraints are listed in Table 4. The capacity of the baseline system for test condition A was approximately 6.1
kW. Assuming an allowable range of ±5%, the minimum and maximum values for the allowable system capacity
could be determined. It is important to apply constraints to the evaporator air-side and refrigerant side pressure drop.
Since the absolute pressure drop (in Pa) through the evaporator will change with respect to evaporating temperature,
a limit was placed on the change in saturation temperature through the evaporator.
Table 4: List of constraints.
Minimum Value
Constraint
5.765
System Capacity [kW]
Air Side DP [Pa]
--Evaporator
Refrigerant DP [Sat. °C]
---

4.5.

Maximum Value
6.405
62.27 (0.25 in H2O)
2.5(4.5°F]

Optimization Results

Due to the numerical challenges and computational requirements in simulating the system, the optimization had to
be terminated after approximately fifteen hours of run time. At the point of termination, the optimization routine
simulated a total of 46 different cycles, eleven of which obeyed all of the constraints and therefore, there were
eleven feasible solutions. Unfortunately, of the eleven feasible solutions, only two solutions were considered to be
optimal solutions.
The eleven feasible solutions are plotted in Figure 5 and the values have been normalized using the COP and
material cost of the baseline design. The two optimal solutions saw an increase in performance of 1.7% and 4.7%
with a cost reduction of 16.8% and 15.0% respectively.
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Figure 5: Optimization output.

5.

CONCLUSIONS

This paper discussed the purpose and requirement for implementing a component-based framework in a system
simulation tool. An example of this a potential framework was provided for a vapor compression system simulation
tool. The validation and optimization of a 6.25 kW mini split residential R22 air-conditioning was performed. Due
to numerical challenges in conducting the optimization, the complete set of optimal solutions was not attained and
additional analysis must be conducted in order to achieve the entire set Pareto optimal solutions.
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NOMENCLATURE
Abbreviations
COP
DP
FPI
MFR
NFPI

Coefficient of performance
Pressure Drop
Fins per Inch
Mass flow rate
Number of fins per inch
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